Abstract-A robust vehicle following system with obstacle avoidance capabilities for operation in natural environments is described in this paper. By combining a novel vehicle-tracking and detection algorithm with our path-planner for autonomous navigation, it was possible for a tracked Logistics Armoured Ambulance Carrier to follow a multi purpose vehicle in an equatorial jungle where few non-paved roads and markers exist. With this new approach, vehicle following performance is enhanced and vehicle safety ensured. Field trials performed in tropical jungle conditions have demonstrated the validity of the approach; results from the field works are included and discussed in this paper.
INTRODUCTION
Several potential applications for vehicle following capabilities exist for Intelligent Transportation Systems (ITS) and defence [l, 2, 31 . These include autonomous driving in motorways whereby convoys of trucks or commuter vehicles move in a convoy-like manner at high speeds thus improving the efficiency of road networks. Another application is the "stop and go" function when driving in congested traffic, where the follower vehicle maintains a constant follow-up behaviour assisting drivers on a very hstrating operation. A major application for vehicle following is platooning [l] . It allows for the efficient manoeuvring by a single driver of several vehicles, linked virtually. Several platooning techniques have been demonstrated, including that of large trucks as per the Chauffeur project [l] .
The transportation of goods in factories or airports offers many opportunities for the vehicle following function. Sets of motorised platforms could be conveyed and distributed among multiple loading bays by a single driver. The transportation of luggage between airplanes and airport installations will be a typical example.
The main challenge addressed in this paper is the safe control for the vehicle following function of a large skid-steer tracked follower vehicle (-12-ton) capable of following a leader vehicle in jungle-like natural environments. The follower vehicle has been converted into a drive-by-wire system that includes a vehicle control unit to ensure the vehicle dynamic response despite its high non-linear characteristics. The vehicle has autonomous and non line-of-sight control capabilities for night and day condition [4] . The working environment is that of an equatorial forest. The terrain includes trees and bushes with open areas either covered by light vegetation or non-tarmac roads as shown in Figure 1 . The climatic conditions are extreme in terms of intense rain, humidity and heat. Sudden torrential rain could change the ground conditions very quickly, posing a severe challenge to vehicle mobility. To implement the vehicle following function, a vehicle detection algorithm has been developed based on the use of geometric model of the leader vehicle. The predicted global position of the leader vehicle forms the target path for the follower vehicle to track. The follower vehicle path planner treats each estimated position of the leader vehicle as a moving target to follow and uses its obstacle avoidance capabilities to ensure that the path for travel is obstacle free, thus avoiding shortcuts that might exist if the leader vehicle has changed the direction suddenly. By integrating vehicle tracking with path planning capabilities, safe vehicle following had been achieved. The combined approach of vehicle following and obstacle avoidance is described in this paper. It includes experimental results obtained from tests in an equatorial forest. In Section II, existing approaches to solving the vehicle following problem are presented. Complete details of the system architecture and the vehicle detection algorithms are presented in Section III. The results from the field tests are given and discussed in Section IV. The concluding remarks and directions for future work are presented in Section V.
II. VEHICLE FOLLOWING METHODS
Most existing schemes for vehicle following are directed to well-structured environments such as motorways or purpose built circuits, which have well defined lanes and boundary markings, where vehicle motion is more stable and controllable. By contrast, natural off-road environments are more complex and require different solutions. The major difficulties are the continuous detection and localisation of the leader vehicle, the response of the follower vehicle, the terrain conditions, the operational requirements (speed and intervehicle distance), and safety.
Approaches used to solve the vehicle following problem could be classified into three categories: GPS, active sensors (time of flight lasers) and passive sensors (vision-based). Combinations of these also exist.
A. GPS-Based
Typical examples are those implemented as part of the US Future Combat System (JXS) programme [l] , Demo II and Demo III [l] and for the agriculture industry in the USA [6] . In this approach, a GPS receiver and a pair of modems are used. The positions of the leader vehicle are echoed to the follower vehicle for on the fly generation and adjustment of the follower vehicle path. The main advantage is that no perception sensors are needed and the system can operate day and night. However, its reliability depends on the availability of GPS data, which cannot be guaranteed in built areas or where dense tree foliage covers satellite signals. This approach also relies heavily on the communication link between both vehicles. Whilst, this is a proven solution, reliance on GPS data alone make it unsuitable for autonomous driving in natural environments.
B. Active-Sensors
There are many applications of target tracking using time of flight laser scanners. Lee [7] had implemented a single laser for target following, where no prior map or target behaviour information was used. Instead, the minimisation of a risk function that measures the risk that the target may escape the robot's FOV by crossing an occlusion ray created by an obstacle, was implemented to compute the new velocity command for the follower vehicle. Parvin [8] implemented a laser-based vehicle following system based on a pure pursuit algorithm without obstacle avoidance capabilities. Han [9] uses a 2D laser to perform human following with a mobile robot. A simple target estimator using an extrapolation method is included to allow the prediction of the target's new location, and the odometry data are used for robot localisation. In principle the laser scanner provides a direct measurement of the target, however, when using single line scan sensor, the tracked target may escape from the sensor FOV when the vehicle is moving on an irregular terrain.
C Passive Sensors
There is much work done on visual servoing, the principle is similar to vehicle following. A vision system provides more information about the environment than a single line laser scanner. Cowan [ 101 approached the vehicle following problem by using omni-directional cameras to maintain a desired leader-follower formation. Das [l 13 designed and implemented real-time estimatioa and control algorithms on a car like robot platform using an omni-directional camera without explicit use of odomelry. An estimator is used to estimate the linear and angular velocities of the leader vebicle. The estimation of the relative orientation of the leader and follower vehicles was implemented using an extended Kalman filter. Researchers at INFUA [12] have simulated the vehicle following function. The mod.elling of the leader vehicle velocity estimation based on visual data is reconstructed, and odometry measurements were simulated. In summary vision systems can provide more information about the environment, nevertheless, the orientation of the leader vehicle can cause errors on the tracking algorithms. It should be noted that range and orientation of the target can only be estimated and not measured by the vision system. Environment conditions such as lighting, dust, etc., pose seven: constraints to this approach.
III. SYSTEM ARCHITECTURE
The development of the vehjcle following function is part of a project on autonomous unmanned ground vehicles (AUGV) under natural environrrients for operation in day and night conditions [4] . The AUGV [5] consists of four subsystems: vehicle control, pidoting, visual guidance and teleoperation. The vehicle following function is implemented as part of a module within the piloting sub-system. It consists mainly a COTS 2D time-of-flirbt laser scanner from SICK GMBH, a GPS from Ashtech axid an industrial PC computer for processing purposes. A major constraint with the 2D scanner is that it losses track of the leader vehicle when the terrain is uneven. Only a single line is searching for the leader vehicle and can be pointed up or down and not parallel to the ground due to irregular ground conditions. To compensate for this constraint, a GPS unit is mounted on the leader vehicle. The GPS system compliments the constraints of the laser scanner. When tracking of the leader vehicle with the laser scanner is lost, its location information is determined by using the GPS data. The coordinates are then transmitted continuously via a RF-modem to the follower vehicle. The data are used as an initial guess only when the leader vehicle is no longer within the field of view (FOV) of the laser sensor on board of the follower vehicle.
The presence of natural obstacles, like trees, branches, bushes, rocks etc is common in the test site. There are also very narrow passages with sharp turns leaving very little room for tracking errors. To avoid collision with natural and manmade obstacles, the visual guidance capabilities of the AUGV are used. The obstacle avoidance and path planning modules negotiate these obstacles by using the obstacle (local) map generated by the vision module, which is used also to operate the vehicle autonomously. In addition, to take into account the vehicle dynamic constraints such as maximum acceleration and turning rates, the dynamic constraints adaptor described in [13] is used to generated target points for the vehicle to follow in a feasible marmer.
The block diagram in Figurc 2 shows the system level setup of the vehicle following function. It includes the components for the leader and follower vehicles. The following paragraphs present a detailed description of the system components.
A. The Leader Vehicle
A multi-purpose vehicle (MPV) is used as the leader vehicle, it is 1.8m 0, 1.8m (H), 3m (L). A GPS receiver together with a RF-modem are mounted onboard. The RFtransmitter broadcasts the leader position to the follower vehicle. There is no transmission of velocity or heading data. 
B. The Follower Vehicle
The follower vehicle is a large skid-steer tracked Logistics Armoured Ambulance Carrier weighting 12-tons. It is equipped with a positioning module that comprises a loosely coupled GPS-IMU ensemble for vehicle localisation. The vehicle has been converted into a drive-by-wire unit and includes a vehicle control unit. It has several sub-systems used for autonomous and teleoperated functions. For the vehicle following function, the Visual Guidance Sub-system together with the path-planning and obstacle avoidance unit are used. The Visual Guidance sub-system includes a pair of trinocular stereovision sensors and a pair of 2D lasers range sensors. Their data outputs are fused resulting on an obstacle map that represents the scene in fiont of the follower vehicle. The leader position is received via a RF-receiver.
C.
A 2D SICK laser range sensor running at lOHz is used to detect the leader vehicle. To detect the leader vehicle for every scan, the following algorithms are executed Segmentation. A pre-processing process that filters out noises in the laser scan. A discontinuity check was also
Vehicle Detection and Tracking Module I )
implemented to segment out noise and other objects in the environment. Consecutive laser readings are checked against its neighbours for discontinuities, should the difference in range reading exceeded a certain threshold value. Due to the laser scanning resolution at only 0.5 degrees, few laser returns are expected when the leader vehicle is at more than 20m away. It is therefore important for the tracking distance to fall within 20 m with respect to the laser scanner position.
2) Vehicle Identification. The width of the rear part of the MPV is known and it is invariant when moving in a straight
line. This will be represented as a segment in the laser scans.
It is therefore normal to search for such segment in the scans. For this purpose the Hough transform and line fitting algorithms could be used. To identify the vehicle, knowing its width, a total of 3 indicators are sufficient to describe the width of the leader vehicle. These are:
Length of a segment: The length of the potential lines after segmentation is computed by projecting first each segment into a Cartesian coordinate using standard Polar to Cartesian transformation equations. The length of a segment is then computed as the sum of the distance between the neighbouring points throughout the segment. The computed length of the target segment should be equal to the width of the leading vehicle. Due to the low laser angle resolution, some tolerance is included.
Total rangepoints in a segment:
Since the width of the leading vehicle is time invariant, the total number of laser points reflected from the leader vehicle can be estimated based on the inter-vehicle distance.
Average relative angle diflerence: Since a near straight line segment for the leader vehicle is expected fiom the laser scan, the average relative angle difference (in Cartesian coordinates) for the consecutive scan points in a segment will give an indication if it exbibits the property of a straight line.
For a segment to be classified as a vehicle, all the above three conditions, with an appropriate threshold obtained fiom experimentation, must be satisfied. Figure 3 shows a top view of a typical laser scans. Experimentation has demonstrated that certain obstacles in our work environment can be recognised as lines if the above conditions are not observed.
3) Vehicle Tracking and Retrieving:
The tracking of the leading vehicle is made by setting a search window in the navigation coordinate frame with the help of the vehicle onboard localisation unit As the vehicle is deployed in natural environments and only a single line scan laser is used for tracking, lossing track of the leader vehicle is common due to pitching of the follower vehicle which is unavoidable in a non-tarmac road. To take into account this effect, a target retracking algorithm has been developed. It consists of two stages, self-retrieval and remote GPS aided retrieval. Under normal conditions when the leader vehicle is within line of sight of the follower vehicle, the self-retrieval method is used.
This method runs the vehicle identification algorithm to map out the most probable leader vehicle based on the readings from the laser scanned and applys the conditions described above. If the vehicle identification algorithm fails to retrieve the leader vehicle for a few attempts, remote GPS data from the leader vehicle will be used as the global position of the leader vehicle until this is again within the FOV of the laser scanner. The output of the tracking information of the leader vehicle is mapped onto a common global navigation fi-me (Northing and Easting) which is then passed to the path planner module in the -form of waypoints for the vehicle following task. 
D. Vehicle Following and Obstacle Avoidance
The simplified architecture of the path-planning component is shown in Figure 4 . This component is also used to provide the autonomous navigation functionality to the vehicle. For consistency, the Vehicle Detectioflracking module is included together with the Sensor Fusion and Positioning modules. 
2) Sensor Fusion Module:
This module fuses the range data fi-om the laser scanners and trinocular stereovision components. It outputs an occupational map (obstacle map) at a rate of 5Hz to the navigation module for path planning and obstacle avoidance. In the vehicle following function, it is used to provide data for obstacle avoidance, whilst in the autonomous fimction it is used for the path-planning process.
3) Navigation Module: The module generates heading and speed commands to the vehicle controller. It uses the estimated position of the leader vehicle fi-om the Vehicle Detection and Tracking Module, expressed with respect to the global navigation frame, at rate of 10 Hz. At the same time, it receives the vehicle position with respect to the same navigation frame from the positioning module and environmental information in the form of a local obstacle map fi-om sensor fusion module. 'The estimates of the Leader Vehicle location are then considered as the Global Way points for the path planner. Based on the above information, the pathplaner generates the shortest otistacle free path to the leader vehicle, and subsequently generrites the attainable heading and speed for the follower vehicle to achieve the vehicle following function.
The longitudinal separation, maximum accelerations, speed and turning rate of the follower vehicle are controlled by using the dynamic adaptor described in [3] . Therefore it is possible to generate a feasible path that tracks the leader vehicle. The path planner stops the follower vehicle if the longitudinal intervehicle distance is less than Sm, for safety purposes. 
E. Local path-planning for Vehicle Following
The path planner, as part of the Navigation Module, operates at 5 Hz. A hybrid algorithm, that combines the Modified Distance Transform (MDT) [14, 15] with a Vector Field Histogram (WHJ [16] , is used for path planning and obstacle avoidance by using the waypoints data from the tracking algorithms, details can be found in [17]. The algorithm estimates the desired heading for the vehicle following by using the MDT, and modifies this heading by using the VFH. The end result eliminates the oscillation phenomena.
Iv. FIELD TEST RESULTS AND DISCUSSIONS
During implementation phase, dry runs were performed first. The follower vehicle was simulated by using a light pickup (driven manually) to assess the robustness of the algorithms. The driver will follow the leader vehicle with the tracking algorithms running in several scenarios. This was followed by the inclusion of the path-planner module and activation of the vehicle following function. After a period of tuning and improvements, the entire system was ported onto the Logistics Armoured Ambulance Canier. A set of trials at a test site that includes bushes, tropical trees and non-paved roads were effected. A major advantage was that the follower vehicle had been intensively tested previously for autonomous operations using the visual guidance, vehicle control and pathplanner components in the same environment. Therefore, the integration team knew what to expect fkom sensors, algorithms and the vehicle response during the actual implementation of the system. Figure 5 shows the local obstacle map as used by the path planner. A safety zone was assigned to each detected obstacle to take into account the vehicle response. It can be observed that the planner generates the output path (red line) rather than the undesired path (black dotted line), which cuts across the safety zone as it tries to move the vehicle using the shortest distance. This is because the planner takes into account the presence of obstacles and is able to propose paths (waypoints) away from obstacle areas. The planner needs to know only the current location of the Leader Vehicle described by waypoints instead of its entire path. Figure 6 shows a typical path of the leader and follower vehicles. The crosses represent the path taken by the leader vehicle as recorded by the GPS on the leader vehicle. The stars indicate the resulting tracking path pursued by the follower vehicle as recorded by the onboard positioning module. The dots are the estimated global position of the leader vehicle based on the laser scanning data. The number-labels indicate the relative time from starting point in minutes. Figure 7 shows pictures of the leader vehicle at various time locations with respect to Figure   6 . The plots illustrate that the follower vehicle is able to track the trajectory of the leader vehicle successfully despite the unevenness of the terrain, the presence of dense foliage across tracks, and typical conditions found in jungle-like environments. It should be remarked that the discontinuous segments during the path following task, indicates that the follower vehicle has lost line of sight of the leader vehicle. This is due to the strong unevenness of terrain, which causes the laser to lose track of the leader vehicles. In these conditions, the system relies on GPS information fkom the leader vehicle to continue with the vehicle following function. At points 0 to 5, where the terrain is very irregular, the follower vehicle is totally dependent on the positions retrieved fkom the leader vehicle. Figure 8 shows a zoom in view of the tracking at instance 17 minutes after the start of the test. The path shows that the follower vehicle is not actually responding to the estimated position of the leader vehicle. This is due to the slow dynamic response of such skid-steer vehicle. Due to the presence of dense foliage and hence the blocking of GPS signals plus multipath effects, GPS data fkom the leader vehicle is not very reliable, there are occasional positions jumps. In these scenarios, the system will fail if the vehicle following function depending only on GPS data.
Finally, results have shown that by introducing the use of our obstacle avoidance and path planning algorithms, the system was able to generate its own path for following when it had perceived that the leading vehicle is making a gradual turn as a result of obstacle negotiation (Figure 7c ). 
V. CONCLUSIONS
A novel approach to solve the vehicle following problem has been developed and tested in a natural environment. By combining our vehicle identification and tracking algorithm together with the path planner algorithm for autonomous navigation, the system is able to follow the trajectories of the leader vehicle closely whilst avoiding any potential obstacles in a highly complex environment. The system has been implemented on a large tracked vehicle with slow dynamics with safety being a major concern.
The combination of a proven path-planner and obstacle avoidance algorithm that includes the vehicle dynamics has proved to be very effective to attain vehicle following capabilities. It has been found that the use of a single line laser scanner increases the dependency on the use of GPS data fiom the leader vehicle. Both the laser scanner and GPS, have their limitations when operating in an uneven terrain and under heavy tree foliage. To improve system robustness, work is being done to incorporate in.formation fiom stereovision sensors and the development of a 3D laser together for the tracking problem plus the us[: of control algorithms that incorporate vehicle estimation twhniques in order to increase the travelling speed of the vehicles.
The deployment of such a large vehicle in harsh natural conditions poses major challengl:s, which are only understood when field tests are performed.
